The relationships between serum levels of trace elements and breast cancer remain relatively unknown. In this study, we investigate serum levels of seven trace elements in Korean breast cancer patients compared to controls without breast cancer. Serum trace element levels were determined using inductively coupled plasma mass spectrometry in Korean breast cancer patients before initiation of breast cancer treatment. Korean females without breast cancer served as a control group. Trace element levels were measured in the discovery cohort (n = 287) and were validated in an independent cohort (n = 142). We further investigated possible associations between trace element levels and the presence of lymph node metastasis, distant metastasis, or triple-negative breast cancer among breast cancer patients in subgroup analyses. Serum manganese and molybdenum levels were significantly higher (p < 0.05) in breast cancer patients than in controls. Serum copper levels were significantly higher in breast cancer patients with distant metastasis, while selenium levels were significantly lower. Other trace elements were neither significantly different between breast cancer patients and controls nor between subgroups of breast cancer patients. Our study provides insights about the potential roles and impacts of trace elements through an assessment of the associations between trace elements and breast cancer.
Introduction
Every year, 1.7 million women are diagnosed with breast cancer, making it the most common cancer in women worldwide and with an estimated 522,000 deaths in 2012, the leading cause of cancer death in women (accounting for 15% of all cancer deaths) [1] . A comparative analysis of epidemiological data for breast cancer in the USA, Canada, India, China, Taiwan, Japan, South Korea, and Sweden showed notable differences in the median age at diagnosis; the peak age at diagnosis is 40-50 years in Asian
Materials and Methods

Study Population
To evaluate whether trace element levels are factors in breast cancer risk among patients compared to controls, we established a discovery cohort consisting of 150 female breast cancer patients and 137 controls. We then assessed serum trace element levels in an independent validation cohort consisting of 79 breast cancer patients and 63 controls. For the discovery cohort, we enrolled 150 adult female patients with histopathological diagnoses of breast cancer and 137 control subjects without breast cancer at Samsung Medical Center (Seoul, Korea), a tertiary care hospital, between September 2008 and April 2015. A control group of 137 female subjects without breast cancer was recruited from individuals who visited a health promotion center for medical checkups without any clinical symptoms or signs of breast cancer. For the validation cohort, 79 breast cancer patients and 63 controls (19 healthy female subjects and 44 females with benign breast disease, such as fibrocystic changes or fibroadenoma) were prospectively enrolled. Participants were recruited consecutively between May 2017 and October 2018. The exclusion criteria included diagnoses of any malignancy other than primary breast cancer. The overall study design is shown in Figure S1 . All participants were adults (≥18 years of age). Demographic data including age and body mass index (BMI) were obtained from electronic medical records. Post-surgical information about breast cancer cells tested for estrogen receptors (ER), progesterone receptors (PR), and human epidermal growth factor receptor 2 (HER2) from breast cancer patients was obtained through electronic medical records; triple-negative cancer tested negative for all three of those markers. Further information about the presence of lymph node metastasis and distant metastasis were also obtained from electronic medical records for subgroup analyses.
Ethical Approval and Informed Consent
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Institutional Review Board of Samsung Medical Center (IRB No: SMC-2016-07-129). All subjects gave informed consent for inclusion before they participated in the study.
Analytical Procedures
Blood samples for determining trace element levels were collected from both cases and controls in the fasting state during the first visit. Serum samples were drawn for analysis before the initiation of cancer treatment in breast cancer patients in both discovery and validation cohorts. Each serum sample was immediately stored at −20 • C until the moment of analysis. Serum trace element concentrations were determined by ICP-MS (Agilent 7900, Agilent Technologies, Santa Clara, CA, USA). Multi-element determination was performed on an Agilent 7900 ICP-MS equipped with octopole reaction system collision/reaction cell technology to minimize spectral interference. Details regarding sample preparation and analytical methods are summarized in Material S1. The assay ranges were 0.00-80.16 µg/L for cobalt (Co), 0.00-78.98 µg/L for chromium (Cr), 0.0-406.0 µg/dL for copper (Cu), 0.00-80.92 µg/L for manganese (Mn), 0.0-81.0 µg/L molybdenum (Mo), 0.0-480.0 µg/L for selenium (Se), and 0.0-404.0 µg/dL for zinc (Zn). Intra-assay coefficients of variation (within-run precision) and inter-assay coefficients of variation (between-run precision) for all assays were <10%. Calibration curves were established (r > 0.999). The accuracy of serum trace element measures was assured using Quebec Multielement External Quality Assessment Scheme (QMEQAS) and the Proficiency Testing/Quality Management program of the College of American Pathologists (CAP) survey (United States). To assess biochemical status, serum chemistry parameters and lipid profiles including total protein, albumin, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were determined using a Roche modular analyzer (Roche Diagnostics Corp., Indianapolis, IN, USA).
Statistical Analysis
We used nonparametric methods (Wilcoxon rank sum test) when the data were not normally distributed. Data normality was assessed by the Shapiro-Wilk's test. We used correlation analysis for continuous variables, t-tests and analysis of variance for categorical and continuous variables, and chi-square tests for categorical variables. p-values less than 0.05 were considered to be significant. Statistical analyses were executed using SAS version 9.4 (SAS Institute, Cary, NC, USA).
Results
General Characteristics of the Study Population
In total, 287 Korean female subjects participated in the discovery cohort of this study: 137 controls without any breast lesions and 150 breast cancer patients. The median (interquartile range) ages were 48.0 years (43.0-56.0 years) for controls and 46.0 years (40.0-53.0) for patients, respectively. Among the 150 breast cancer patients, 84 (56.0%) had lymph node metastasis, 14 (9.3%) had distant metastasis, and 24 (16.0%) had triple negative breast cancer. In total, 142 Korean female subjects were included in the validation cohort: 63 controls (without breast cancer) and 79 breast cancer patients. The median (interquartile range) age was 41.0 years (31.0-48.0 years) for controls and 47.0 years (43.0-53.8) for patients, respectively. Among the 79 breast cancer patients, 11 (13.9%) exhibited lymph node metastasis, none (0.0%) had distant metastasis, and five (6.3%) had triple-negative breast cancer. The baseline characteristics of the study sample are summarized in Table 1 and Tables S1 and S2 . BMIs were slightly higher in breast cancer patients than in controls. In the discovery cohort, data for determining serum total protein in both controls and cancer patients, age, serum total cholesterol, and LDL in controls, and Mn and Zn in cancer patients were normally distributed. In the validation cohort, data for age, BMIs, HDL, and Cu in both controls and cancer patients, serum total protein, albumin, and Cr in controls were normally distributed. Other data were not normally distributed. 
Serum Trace Element Concentrations in Korean Breast Cancer Patients and Controls without Breast Cancer
Median (interquartile range) serum trace element concentrations in breast cancer patients and controls without breast cancers are summarized in Table 1 and Tables S1 and S2 . Among the seven trace elements, serum Mn and Mo were significantly different between breast cancer patients and controls (p < 0.05) in both the discovery and validation cohorts, while serum Co, Cr, Cu, Se, and Zn were not. Serum Mn and Mo were significantly higher in breast cancer patients than in controls (p < 0.05). Among the seven trace elements, there were weak positive correlations between Co and Mn (ρ = 0.1197 and p = 0.0427 in the discovery cohort; ρ = 0.2210 and p = 0.0081 in the validation cohort), and Se and Cu (ρ = 0.2216 and p = 0.0002 in the discovery cohort; ρ = 0.3860 and p = < 0.0001 in the validation cohort, Table S3 ) in both the discovery and validation cohorts.
Subgroup Analysis-Serum Trace Element Concentrations in Breast Cancer Patients
Concentrations of the seven trace elements were compared between breast cancer patients with and without lymph node metastasis, and no significant differences were found in the discovery cohort (Table 2 ). In the discovery cohort, among seven trace elements, data for Mn and Zn in patients with and without lymph node metastasis were normally distributed and other data were not. In the validation cohort, data for Cu and Zn in both patients with and without lymph node metastasis and Co and Se in patients with lymph node metastasis were normally distributed. Other data were not normally distributed. Concentrations of the seven trace elements were compared among breast cancer patients in different stages. No significant differences were observed in seven trace element levels among breast cancer patients at different stages. However, among the seven trace elements, concentrations of Cu were significantly higher and concentrations of Se were significantly lower in women with stage IV breast cancer in the discovery cohort (metastatic breast cancer, Figure 1 and Table 2 ). In the discovery cohort, among seven trace elements, data for Mn and Zn in patients with and without stage IV breast cancer were normally distributed and data for the others were not. No breast cancer patients with stage IV breast cancer were enrolled in the validation cohort.
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Subgroup Analysis-Serum Trace Element Concentrations in Breast Cancer Patients
Concentrations of the seven trace elements were compared between breast cancer patients with and without lymph node metastasis, and no significant differences were found in the discovery cohort (Table  2 ). In the discovery cohort, among seven trace elements, data for Mn and Zn in patients with and without lymph node metastasis were normally distributed and other data were not. In the validation cohort, data for Cu and Zn in both patients with and without lymph node metastasis and Co and Se in patients with lymph node metastasis were normally distributed. Other data were not normally distributed. Concentrations of the seven trace elements were compared among breast cancer patients in different stages. No significant differences were observed in seven trace element levels among breast cancer patients at different stages. However, among the seven trace elements, concentrations of Cu were significantly higher and concentrations of Se were significantly lower in women with stage IV breast cancer in the discovery cohort (metastatic breast cancer, Figure 1 and Table 2 ). In the discovery cohort, among seven trace elements, data for Mn and Zn in patients with and without stage IV breast cancer were normally distributed and data for the others were not. No breast cancer patients with stage IV breast cancer were enrolled in the validation cohort. Among seven trace elements, concentrations of Cu were significantly higher and concentrations of Se were significantly lower in patients with stage IV breast cancer (metastatic breast cancer) than in patients at other breast cancer stages (stage I to III breast cancer). Concentrations of the seven trace elements were compared between breast cancer patients with and without triple-negative breast cancer. In the discovery cohort, data for Mn in patients with and without triple-negative breast cancer were normally distributed. Data for Zn in patients without triple-negative breast cancer and Se in patients with triple-negative breast cancer were normally distributed in the discovery cohort. The nonparametric method for comparison of trace element concentrations except for Mn was used in the discovery cohort. In the validation cohort, data of the seven trace elements were not normally distributed in patients without triple-negative breast cancer, and the nonparametric method for comparison was used. No significant differences were found in the concentrations of the seven trace elements between the two groups in either the discovery or validation cohorts (see Table 2 for the discovery cohort; data not shown for the validation cohort).
Discussion
In this study, we simultaneously measured serum levels of seven trace elements using ICP-MS in Korean female breast cancer patients and controls without breast cancer. We also investigated possible associations between trace element levels and the presence of lymph node metastasis, distant metastasis, or triple-negative breast cancer among breast cancer patients.
Numerous studies have suggested that certain environmental compounds such as phytoestrogens, xenoestrogens and metalloestrogens exhibit estrogen-like properties, including the ability to influence breast carcinogenesis [4] . However, trace elements are also essential components of antioxidants and may exert protective effects as well [5] . In this study, serum Mn and Mo levels were significantly higher (p < 0.05) in breast cancer patients than in controls. The relationship between trace elements and cancer etiology and progression has been extensively studied, with contradictory results [5] . Previous studies of trace element concentrations performed in different geographic regions using different specimens are summarized in Table 3 . There have been inconsistencies regarding trace element status in breast cancers among studies. Previous studies of trace elements using whole blood, serum, and plasma samples in breast cancer patients compared with controls are summarized in Table 4 . In the present study, Co levels were significantly higher in breast cancer patients than in controls in the discovery cohort, results that are comparable to the findings of previous studies performed in China [10] . Co levels were not significantly different between the two groups in the validation cohort, a result that is comparable to the findings of previous studies performed in Taiwan [11] and Nigeria [12] , which reported no significant differences between the two groups. For Cr, although levels were higher in breast cancer patients in the validation cohort, comparable to the results of a previous study performed in Taiwan [11] , no significant differences between the two groups were observed in our discovery cohort or in two other studies performed in China [10] and Canada [13] . However, the Canadian study included breast cancer patients with the BRCA1 mutation [13] . Several studies performed in China [10, 14] , Taiwan [11] , India [15] , and Nigeria [12, 16] reported higher levels of Cu in breast cancer patients than in controls, while the opposite finding (significantly higher Cu levels in controls than in breast cancers) was reported in Kuwait [17] , and no difference was found in a study performed in Canada [13] or in India [18] . For Mn, although significantly higher levels were observed in breast cancer patients in this study, other studies performed in China [10, 14] found significantly lower levels in breast cancer patients. Moreover, the range of Mn concentrations in the Korean subjects observed in this study were lower than in the Chinese studies. For Se and Zn, significantly lower concentrations were observed in breast cancer patients than in controls in the discovery cohort of this study, which was comparable to the results of previous studies performed in Nigeria [16] , China [14] , and Kuwait [17] . However, no significant differences in concentrations of Se were observed in the validation cohort in this study, similar to the results of a study performed in Canada [13] and another performed in China [10] . A recent systematic review reported that serum Se concentrations were correlated with breast cancer and could be used to predict the disease [9] . Another updated meta-analysis and meta-regression study reported that Se exposure decreased the risk of breast cancer [19] . Abbreviations: SD, standard deviation; NS, not significant. a Results of the discovery cohort in this study; b results of the validation cohort in this study; c original results were converted from µg/L to µg/dL for comparison; d original results were converted from µg/mL to µg/dL for comparison; e original results were converted from mg/L to µg/dL for comparison.
Differences in trace element concentrations among different populations could reflect geographical location, cultural practices, pollution, or differences in body composition and genetics [30] . Genetic loci affecting blood Cu, Se, and Zn levels in Australian and British samples were identified through a recent genome-wide association study [31] .
A recent meta-analysis of 14 previous studies reported no significant differences in serum Zn levels between female breast cancer patients and control subjects, but also described considerable heterogeneity among the included studies (I 2 90.2% to 97.8%) [5] . Differences in study design, number of subjects, characteristics of breast cancer patients (including specific subtypes of breast cancers with histopathological and molecular/genetical differences), sampling time (pre-or posttreatment), or analytical methods (X-ray fluorescence spectroscopy, AAS, ICP-MS, etc.) could also impact the heterogeneity of results [32] .
Axillary lymph node status is one of the most important prognostic factors in patients with primary breast cancer and provides critical information to guide treatment decisions [32, 33] . Currently, decisions regarding adjuvant therapy are based largely on primary cancer characteristics such as tumor grade and ER and HER2 status, as well as other molecular features, rather than the number of positive lymph nodes [34] . The St. Gallen 2013 Consensus Guidelines Panel stated that the effectiveness of chemotherapy did not depend on the number of positive nodes, but on the underlying tumor biology [34, 35] . Although several studies have compared trace element concentration in cancerous and benign breast tumor tissues and/or normal breast tissues [12, 18, 20, 36] , the impact on tumor biology and etiology during lymph node involvement in early breast cancer remains poorly defined. Previous studies have focused on comparing normal and malignant tissues. For example, Se has been shown to strengthen tight junctions and reinforce cell-cell attachment in breast cancer, which is consistent with the antiproliferative effects of Se [37] . Blood or serum Se levels are reportedly lower in breast cancer patients, while tissue Se concentration is higher in malignant tissues (representing an inverse correlation) [20, 38] . In this study, although we did not measure tissue concentrations of trace elements, we compared serum trace element concentrations in breast cancer patients with and without lymph node metastasis to focus on possible associations between trace elements and lymph node involvement in early breast cancer. Although no associations were observed among the seven trace elements tested between the two groups, future studies are needed with large numbers of samples that include more tissue types as well as lymph nodes.
Next to prolongation of survival, the primary therapeutic goals in metastatic breast cancer are maintenance of quality of life and palliation of symptoms [32] . Therapeutic concepts are determined by a multidisciplinary team at the initiation of treatment, and different therapeutic steps with different regimens are needed for different breast cancer patients [32] . In this study, Cu levels were significantly higher in women with stage IV breast cancer (metastatic breast cancer) than in women without stage IV breast cancer and Se levels were significantly lower in women with stage IV breast cancer than in those without stage IV breast cancer (p < 0.05). Since Cu is a key component in many essential enzymes, Cu is required for at least three characteristic phenomena involved in cancer progression: Proliferative immortality, angiogenesis, and metastasis [39] . Meanwhile, Se has been shown to strengthen tight junctions and reinforce cell-cell attachment in breast cancer [37] and in vitro evidence suggests that Se impacts both endothelial and cancer cells, leading to the reduction of major regulatory molecules in angiogenesis [37] . Accordingly, Cu and Se represent possible targets for diagnosis, prognosis and management in breast cancer [40] . However, there is insufficient evidence to provide clinician and patient guidelines on the use of antioxidant supplements including Se during breast cancer treatment [41] . Due to the potential heterogeneity between metastases, differences in treatment regimens could also affect trace element status in metastatic breast cancer patients [32] . Well-designed future studies are needed to determine the significance of trace elements in metastatic breast cancer patients.
Triple-negative breast cancer presents clinical challenges due to unknown etiology, lack of treatment targets, and poor prognosis [29, 42] . Chemotherapy is always indicated in triple-negative breast cancer after endocrine options have been exhausted in luminal disease or if rapid response is needed in life-threatening situations or in patients who are highly symptomatic [32] . Although in vitro and in vivo studies of normal and triple-negative breast cancer cells have assessed whether a combination of cisplatin and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) can improve therapeutic outcomes [43] , there is a lack of studies exploring serum trace element status in triple-negative breast cancer patients. Multiple genetic and nutritional factors were associated with triple-negative breast cancer in a study of Canadian women [42] . However, that study only focused on dietary intake, finding that dietary intake of Zn was associated with triple-negative breast cancer [42] . Although we observed no significant differences in trace element concentrations between breast cancer patients with and without triple-negative breast cancer in the current study, our sample size of triple-negative breast cancer patients was small. Future studies with large numbers of in different ethnic populations are needed to elucidate associations between trace element status and triple-negative breast cancer.
The strengths of our study are the use of an accurate ICP-MS method to measure multiple trace elements simultaneously in a relatively large cohort of Korean breast cancer patients and controls and its prospective design. Furthermore, we assessed the relevance of serum trace element concentrations in lymph node metastasis, stage IV breast cancer, and triple-negative breast cancer, which have received little attention before. This study provides background information to support further explorations of trace elements in breast cancer etiology. Future studies to assess relationships among serum concentration, tissue concentration, nutrient supplementation, and treatment outcomes are needed to improve breast cancer patient care.
Our study has several limitations. Although we assessed several biochemical factors, information about dietary intake was not evaluated in our investigation. We also did not measure ceruloplasmin (the major Cu-carrying protein) or other proteins involved in antioxidant pathways (glutathione peroxidase enzymes and selenoprotein P, etc.), which might alter trace element concentrations [14] . Differences in study population characteristics between the discovery and validation cohorts could have affected the final results. Such differences could explain the inconsistencies in the associations between Co, Cr, Cu, and Zn and breast cancer between the discovery cohort and the validation cohort observed in this study. Stage IV breast cancer patients were not enrolled in the prospectively designed validation cohort. Future studies considering these factors are needed to clarify the clinical significance of changes in trace element concentrations.
Conclusions
In conclusion, we investigated the serum levels of multiple trace elements in Korean breast cancer patients and control subjects for the first time. Serum concentrations of Mn, and Mo were significantly higher in breast cancer patients than in controls (p < 0.05). Among breast cancer patients, serum concentrations of Cu were significantly higher in patients with stage IV breast cancer, while concentrations of Se were significantly lower (p < 0.05). Our study provides insights regarding the potential roles and impacts of trace elements in breast cancer.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/1/37/s1, Material S1: Details in sample preparation and analytical methods, Table S1 : Trace element levels in Korean female control subjects, Table S2 : Trace element levels in Korean female breast cancer patients, Table S3 : Correlation among trace element levels, Figure S1 : Overall study design and number of participants included in the discovery and validation cohorts. Serum levels of seven trace elements in breast cancer patients and controls. In the discovery cohort, subjects with benign breast disease were not included in the control population. In the validation cohort, 44 female subjects with benign breast disease were included in the control population. Dashed lines represent subgroup analysis according to further information about the presence of lymph node metastasis, distant metastasis (stage IV breast cancer), and triple-negative breast cancer. Those with triple-negative cancer tested negative for all three of the following markers on post-surgical information: estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). Among 79 breast cancer patients, none had stage IV breast cancer and thus subgroup analysis could not be performed.
